Tinning AR, Jensen BL, Schweda F, Machura K, Hansen PB, Stubbe J, Gramsbergen JB, Madsen K. The water channel aquaporin-1 contributes to renin cell recruitment during chronic stimulation of renin production. Am J Physiol Renal Physiol 307: F1215-F1226, 2014. First published October 22, 2014 doi:10.1152/ajprenal.00136.2014.-Both the processing and release of secretory granules involve water movement across granule membranes. It was hypothesized that the water channel aquaporin (AQP)1 directly contributes to the recruitment of renin-positive cells in the afferent arteriole. AQP1
mice, the number of afferent arterioles with recruitment was significantly lower compared with AQP1 ϩ/ϩ mice after LS-ACEI. We conclude that AQP1 is not necessary for acutely stimulated renin secretion in vivo and from isolated perfused kidneys, whereas recruitment of renin-positive cells in response to chronic stimulation is attenuated or delayed in AQP1 Ϫ/Ϫ mice.
exocytosis; norepinephrine; secretion; nitric oxide; blood pressure RENIN-POSITIVE CELLS in the kidney are localized along the length axis of renal afferent arterioles, and the number varies with age and degree of chronic stimulation. Renin-positive cells constitute the only significant source of systemic circulating active renin in the adult organism. Renin is released by exocytosis from storage granules: the number of granules in vivo decreases after stimulation of renin secretion (28, 30) . Cell capacitance, which is a measure of cell surface area, increases when renin release is stimulated in single cells (10) ; renin release is quantal when measured with high time resolution (36) , and compound exocytosis contributes to this (37) . Chronic stimulation of the reninangiotensin system is associated with a marked increase in the number of renin-positive cells upstream along the afferent arterioles, a process referred to as recruitment (4, 12) . Renin cell recruitment is functionally important in situations with chronic stimulation. The severalfold increase in plasma renin levels is achieved by renin release evenly from newly differentiated cells and preexisting renin cells (20, 30) . However, little is known about the intracellular events that promote renin granulopoiesis. The water channel aquaporin (AQP)1 is associated with densecore secretory granules in endocrine cells (2) . AQP1 promotes granule biogenesis in an array of endocrine cell types and contributes to hormone levels in plasma, likely through granule swelling (2, 8) as, e.g., in pancreatic zymogen granules (7, 8) . Synaptic vesicles also contain AQP1 (16) . AQP1 is expressed in renin-producing cells (11) , and exocytosis of renin from JG-cells harvested from AQP1 Ϫ/Ϫ mice is insensitive to hypoosmotic stimuli (11) , which otherwise constitute a strong stimulus for renin release (9, 36, 39) . Lack of AQP1 does not change receptordependent, cAMP-mediated stimulation of renin exocytosis at the single cell level (11) . AQP1 displays vascular colocalization and upregulation with renin during perinatal kidney development, where both proteins are associated with large parts of the preglomerular arterial vasculature (17) . With maturation, renin cells regress to juxtaglomerular localization in afferent arterioles and AQP1 to descending vasa recta with detectable basal AQP1 expression in vascular smooth muscle (35) . Since AQP1 is expressed in single renin-positive cells and enhanced granulopoiesis is necessary for the differentiation of renin-producing cells during chronic stimulation of the renin-angiotensin system, it is possible that AQP1 contributes to this process. On the other hand, mice with global deletion of AQP1 display slightly increased baseline diuresis and reduced tolerance toward water deprivation (23) . The aim of the present study was to characterize renin reactivity in vivo in the absence of functional AQP1 and specifically to test the hypothesis that AQP1 contributes directly to renin granule formation and thereby renin-positive cell recruitment and plasma renin concentration (PRC) during chronic stimulation of renin. AQP1
Ϫ/Ϫ mice and their AQP1 ϩ/ϩ littermates (23) were used to test the impact of combined low salt (LS) intake (low-NaCl diet)/angiotensinconverting enzyme (ACE) inhibition on renin parameters.
MATERIALS AND METHODS

Animals
All procedures conformed with Danish national guidelines for the care and handling of animals and published guidelines from the National Institutes of Health. Experiments were approved by the national Danish Animal Experiments Review Board and by the Institutional Review Board at the Faculty of Health Sciences, University of Southern Denmark. AQP1 knockout mice were originally developed by Dr. Alan Verkmann (23) and donated to our laboratory by Dr. Christan Aalkjaer (Aarhus University, Aarhus, Denmark). Mice were housed at the Biomedical Laboratory of the University of Southern Denmark on a 12:12-h light-dark cycle and had free access to standard pathogen-free rodent chow (2 g/kg Na ϩ , Altromin-1310, Lage, Germany). AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice were bred on a CD1 background and genotyped as previously described (11) .
In Vivo Experiments
Series 1. In a developmental series, AQP1
ϩ/ϩ and AQP1 Ϫ/Ϫ mice were euthanized by decapitation on postnatal days 1, 3, and 7. At postnatal day 14 and in adult mice, anesthesia was used before whole blood was collected in EDTA-coated tubes. Plasma was separated by centrifugation at 3,000 rpm and stored at Ϫ20°C. Series 2. Adult male and female AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice were fed either a regular diet or a LS diet (0.004% NaCl, Ziegler Bros, Gardners, PA) for 7 days. For the last 3 days of the experiment, the ACE inhibitor (ACEI) enalapril (enalapril maleate salt, Sigma Aldrich) was added to drinking water at a concentration of 0.1 mg/ml (LS-ACEI) to stimulate renin cell recruitment. By the end of the experiment, mice were anesthetized by intraperitoneal injections of 50 mg/kg ketamine and 10 mg/kg xylazine. Blood was collected in heparin-coated tubes by heart puncture, and plasma was separated as described above. Kidney tissue was snap frozen in liquid nitrogen and stored at Ϫ80°C. A subgroup of animals was fixed by systemic perfusion through the left cardiac ventricle with 4% phosphate-buffered formaldehyde (PFA), and kidney tissue was embedded in paraffin. A: plasma renin concentration (PRC) measured in aquaporin (AQP)1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice at different stages of postnatal development and in adult mice. Blood was sampled as trunk blood after decapitation in the first postnatal week, and plasma was separated. At postnatal day 14 (P14) and in adult mice, blood was sampled by cardiac puncture in anesthetized mice. No significant differences in PRC were seen between genotypes at any time point. At P14, PRC was significantly elevated in both genotypes compared with all other time points. n ϭ 5-8 separate mice from each genotype at each time point. Bars show means Ϯ SE. *P Ͻ 0.05 vs. AQP1 ϩ/ϩ mice at different time points; #P Ͻ 0.05 vs. AQP1 Ϫ/Ϫ mice at different time points. B: PRC (left) and kidney cortex tissue renin concentration (right) in adult AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice after stimulation by low-salt (LS) diet (0.004% NaCl) for 1 wk combined with enalapril [0.1 mg/ml; angiotensin-converting enzyme inhibitor (ACEI)] in drinking water for the last 3 days before euthanization. PRC was significantly lower in stimulated AQP1 Ϫ/Ϫ mice compared with AQP1 ϩ/ϩ mice, whereas kidney cortex renin concentration was significantly elevated in stimulated AQP1 Ϫ/Ϫ mice compared with AQP1 ϩ/ϩ mice. Bars show mean Ϯ SE. *P Ͻ 0.05. For PRC, n ϭ 6 AQP1 ϩ/ϩ mice and 9 AQP1 Ϫ/Ϫ mice. For kidney tissue renin concentration, n ϭ 6 AQP1 ϩ/ϩ mice and 9 AQP1 Ϫ/Ϫ mice. C: renin mRNA expression in kidney tissue from AQP1 Ϫ/Ϫ and AQP ϩ/ϩ mice at baseline and after stimulation by LS diet (0.004% NaCl) for 1 wk combined with enalapril (0.1 mg/ml, ACEI) in drinking water for the last 3 days before euthanization. Renin mRNA expression was significantly enhanced by LS-ACEI treatment compared with baseline but with no differences between genotypes. Bars show means Ϯ SE. *P Ͻ 0.05; #P Ͻ 0.01. At baseline, n ϭ 5 AQP1 ϩ/ϩ mice and 7 AQP1 Ϫ/Ϫ mice. For LS-ACEI treatment, n ϭ 12 AQP1 ϩ/ϩ mice and 11 AQP1 Ϫ/Ϫ mice. RPL4, ribosomal protein L4.
Series 3.
A chronic indwelling catheter was placed in the femoral artery for continuous measurements of arterial blood pressure as previously described (1, 38) . Mice recovered for 5 days before continuous measurements of mean arterial blood pressure (MAP) and heart rate began; at that time, they had fully recovered, and no changes in blood pressure and heart rate were observed during the following days. MAP and heart rate were measured continuously for 2 days before mice were fed a LS diet for 7 days with the addition of ACEI as described above. At termination of the recordings, 200 l of blood were collected from the arterial catheter. After 10 min, 200 l of blood were collected again for PRC measurements. Mice were euthanized by an infusion of pentobarbital. Data are presented as MAP and heart rate averaged each 12 h. The data included all measurements during the given time period.
Plasma and Kidney Tissue Renin Concentrations
Whole kidneys from LS-ACEI-treated AQP1 ϩ/ϩ and AQP1
Ϫ/Ϫ mice were homogenized in ice-cold lysis buffer [0.1 M Tris·HCl (pH 7.2), 10 mM EDTA, 1 mM DTT, 0.1 mM PMSF, and 0.1% Triton X-100]. Samples were centrifuged at 13,000 g, and the supernatant was used for analysis. Plasma and kidney tissue renin concentrations were determined by radioimmunoassay as previously described (29) .
mRNA analysis
Total RNA was isolated from whole kidney tissue and DNase digested using the RNeasy Protect Mini Kit (Qiagen) according to the manufacturer's instructions. cDNA was obtained by reverse transcription of 1 g total RNA using the iScript cDNA Synthesis Kit (Bio-Rad). For quantitative PCR analysis, 50 ng of cDNA in duplicate from each sample were used as the template and mixed with primers and iQ SYBR Green Supermix (Bio-Rad) in a final volume of 25 l. A standard curve was constructed by plotting threshold cycle (C t) values against serial dilutions of purified PCR product. Specificity of the product was confirmed by postrun melting point analysis and by gel electrophoresis. The primer sequences were as follows: AQP1, sense 5=-CGGGATCCGCAACTTCTCAAACCACT-3= and antisense 5=- Ϫ/Ϫ mice displayed more abundant ␣-SMA staining in the medulla compared with AQP1 ϩ/ϩ mice (C vs. A). E-G: immunolabeling by histochemical reaction of human kidney sections for AQP1. A strong signal was associated with proximal tubules in all micrographs, whereas glomerular (GL) capillaries and Bowman's capsule were negative for AQP1 (G). Smooth muscle in small intrarenal artery (AT) media displayed faint but uniform immunoreactivity for AQP1 (E), and AQP1-positive endothelium was also observed (F).
GGAATTCATTTGGGCTTCATCTCCA-3=; renin, sense 5=-GCTAT-GTGAAGAAGGCTG-3= and antisense 5=-TTCTCTTCTCCTT-GGCTC-3=, and ribosomal protein L4.1 (RPL4.1), sense 5=-TCT-TAGCGCCATCTTCCTTG-3= and antisense 5=-AGCATCCCT-CACTTCTGCTC-3=.
Western Blot Analysis
Whole kidney tissue was homogenized in sucrose-imidazole buffer [0.3 M sucrose, 25 mM imidazole, and 1 mM EDTA (pH 7.2)] with protease and phosphatase inhibitors (0.02 M leupeptin, 0.4 M pefabloc, 0.2 M orthovanadate, 0.2 M NaF, and 0.082 g/l okadaic acid). Protein concentration in the supernatants was determined by spectrometry according to the Bradford method (Bio-Rad protein assay reagent) using BSA as a standard. Protein samples (10 g/lane) were separated on 4 -12% PAGE gels and blotted onto polyvinylidene difluoride membranes. These were blocked for 1 h using 5% skim milk in 20 mM Tris·HCl, 137 mM NaCl, and 0.05% Tween 20 (pH 7.6) (TBST) and then incubated overnight with primary antibody specific for AQP1 (ab15080, Abcam, 1:8,000) or ␤-actin (ab8227, Abcam, 1:20,000). After several washes in TBST, membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (DAKO) diluted 1:2,000 for 1 h and visualized with the ECL plus Western Blotting Detection System (Amersham Biosciences). Relative densities of immunoreactive protein bands were quantified using QuantityOne 4.03 software (Bio-Rad).
Immunohistochemistry and Three-Dimensional Reconstruction of Renal Vascular Trees
AQP1. Paraffin-embedded mouse kidney tissue sections were deparaffinized in Tissue-Clear (Sakura), rehydrated in a graded series of ethanol solutions (70%-99%), and transferred to H 2O. For epitope retrieval, tissue sections were boiled in 10 mM citrate buffer (pH 6, DAKO) in a microwave for 20 min. Tissue sections were blocked in 5% skim milk in TBST followed by an overnight incubation with primary antibody specific for AQP1 (ab15080, Abcam, 1:500). After several washes in TBST, tissue sections were incubated with horseradish peroxidase-conjugated goat anti-rabbit antibody (DAKO, 1:1,000), and immunolabeling was visualized using diaminobenzidine reaction and counterstained with haematoxylin. Human kidney tissue samples were obtained from patients undergoing nephrectomy at the Department of Urology, Odense University Hospital. All patients gave informed written consent for the use of tissue for research purposes. Use of the tissue was approved by the Institutional Review Board-Ethical Commitee (approval no. 20010035).
Renin and ␣-smooth muscle actin. Paraffin-embedded serial sections of kidney tissue were deparaffinized in xylene, rehydrated in a graded series of isopropanol, and transferred to H 2O. Tissue sections were blocked in 10% horse serum-1% BSA in PBS followed by an incubation with primary antibodies specific for renin (Davids Biotechnologie, 1:400) and ␣-smooth muscle actin (␣-SMA; Beckman Coulter-Immunotech, 1:50). After several washes in PBS, tissue sections were incubated with rhodamine (TRITC)-conjugated donkey anti-chicken IgG and Cy2-conjugated donkey anti-mouse IgG (Dianova, 1:400). Digitalization of immunostainings and three-dimensional reconstruction of the renal vascular tree were done as previously described (31) .
Quantification of the Granular Cell Index
Renal vascular trees were dissected from acid-treated kidney tissue from LS-ACEI-treated AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice as previously described by Casellas et al. (4) . Microdissected vascular trees were placed in 20 mM HCl, and afferent arterioles were scored according to the number of granular cells visible under a light microscope in a blinded fashion by two independent researchers. Four to five hundred afferent arterioles were examined from each animal and divided into one of the following categories: "negative" (no visible granular cells), "juxtaglomerular" (granular cells visible at the juxtaglomerular position), and "recruitment" (granular cells visible at the juxtaglomerular position and upstream in the afferent arteriole). Vascular trees were immunolabeled for renin with a polyclonal rabbit anti-mouse renin antibody (24) with a protocol described in Ref. 13 .
Embedment and Transmission Electron Microscopy
Kidney tissue was cut in 1-mm 3 -wide blocks and embedded in epoxyde resin (epoxy embedment kit, Fluka, Neu-Ulm, Germany) using an automatic microwave (Leica EM AMV, Leica, Wetzlar, Germany). Embedded tissue was cut into 70-nm-thick serial slices using an ultramicrotome (EM UC7, Leica), which were then placed on copper grids coated with pioloform. Slices were contrasted using 4% uranyl acetate solution and 0.5% lead citrate solution. For the acquisition of the images of a juxtaglomerular cell, a transmission electron microscope (Phillips CM12 TEM, Fei & Co, Eindhoven, The Netherlands) with a LaB 5cathode and an acceleration voltage of 120 keV was used. Digitalization was carried out with a TEM-1000 slow-scan charge-coupled device camera and the program EM-Menu 4.0 (both from TVIPS-Tietz, Gauting, Germany).
Isolated Perfused Mouse Kidneys
The isolated perfused mouse kidney model has been previously described in detail elsewhere (34) . Briefly, kidneys were perfused ex situ with modified Krebs-Henseleit solution supplemented with 6 g/100 ml BSA and human red blood cells (10% hematocrit) at a constant pressure of 90 mmHg. After a control period with collection of three baseline samples 2 min apart, a stock solution of isoproterenol was infused (final concentration: 10 nM) into the arterial limb of the perfusion system to stimulate renin secretion. For the determination of renin secretion rates, samples of the venous effluent were taken every 2 min. Renin activity in the venous effluent was measured by incubating the perfusate with plasma from bilaterally nephrectomized male rats as a renin substrate for 1.5 h at 37°C. The produced ANG I (in ng·ml Ϫ1 ·h Ϫ1 ) was determined by radioimmunoassay (RENCTK, DiaSorin). The renin secretion rate is denoted as perfusate flow (in ml·g organ weight Ϫ1 ·min Ϫ1 ) multiplied by renin activity (in ng ANG I·ml Ϫ1 ·h Ϫ1 ) of the perfusate.
Kidney Tissue Norepinephrine Content
Norepinephrine, Na2EDTA, and citric acid monohydrate were obtained from Sigma (St. Louis, MO). Na2S2O5, octane-1-sulfonic acid sodium salt, perchloric acid (PCA), phosphoric acid, and methanol of the highest chemical purity were obtained from Merck (Darmstadt, Germany). For HPLC analysis, whole mouse kidneys (100 mg) were cut into small pieces in cold 0.1 M PCA, transferred to a 2-ml Eppendorf tube, and homogenized (Polytron PT3100, Glen Mills, Clifton, NJ) in 0.6 ml of 0.1 M PCA with antioxidants (0.2 g/l Na2S2O5 and 0.05 g/l EDTA) for ϳ20 s while test tubes (2 ml) were kept on ice. The homogenate was centrifuged twice, first in 2.0-ml tubes (3,000 rpm, 10 min at 4°C), and then after transfer of the unclear supernatant to 1.5-ml tubes, PCA extracts were centrifuged again (12,000 rpm, 5 min at 4°C). The norepinephrine content of the clear supernatant was determined by HPLC with electrochemical detection, essentially as previously described (19, 22) . PCA extracts of kidneys were diluted 50 times in the mobile phase before injection (5 or 10 l) into the HPLC system. Under our chromatographic conditions, norepinephrine eluted at 3.20 min, and norepinephrine peaks were quantified by comparison with an external norepinephrine standard (0.5 pmol) using chromatographic data software (model D-7000 HPLC system software manager, version 2.0, Merck-Hitachi).
Plasma Nitrate/Nitrite Concentration
Plasma nitrate/nitrite (NO x) was determined using a Nitrate/Nitrite Colorimetric Assay (780001, Cayman Chemical) according to the manufacturer's instructions. In brief, plasma samples were ultrafiltrated using Amicon Ultra-0.5 Centrifugal Filter Devices (Millipore), diluted (1:2 and 1:3) in assay buffer, and run in duplicates. Samples were added to the nitrate reductase cofactor preparation and enzyme preparation to convert nitrate to nitrite. Griess reagents R1 and R2 were added to the reaction, and absorbance was measured at 550 nm.
Statistics
All values are presented as means Ϯ SE. Data were tested for normal distribution. If normally distributed, the level of significance for two groups was tested by an unpaired Student's t-test and for several groups by two-way ANOVA followed by Bonferroni or Sidak's post hoc tests. P values of Ͻ0.05 were considered significant. If data were not normally distributed, log-normal transformation was used, and parametric testing was applied as described above. For the analyses, GraphPad Prism6 was used.
RESULTS
Effect of Global AQP1 Deletion on Renin Parameters
Renin concentration in plasma samples (PRC) at baseline from the immediate postnatal and weaning period in mice displayed no differences between AQP1 Ϫ/Ϫ mice and their AQP1 ϩ/ϩ littermates (Fig. 1A) . In adult mice at 4 -6 mo of age, there were no differences between genotypes in plasma renin (Fig. 1A) . At postnatal day 14, there was a higher level compared with earlier stages, but with no difference between genotypes (Fig. 1A) . In adult AQP1 ϩ/ϩ mice on LS-ACEI, PRC was significantly elevated ϳ100 times compared with PRC at baseline (Fig. 1, A and B, left) . Whereas PRC in LS-ACEI-treated AQP1 Ϫ/Ϫ mice was also significantly elevated above control AQP1 Ϫ/Ϫ mice, it was significantly lower (ϳ50%) compared with LS-ACEI-treated AQP1 ϩ/ϩ mice (Fig.  1B, left) . Kidney cortex tissue renin concentration was significantly higher in LS-ACEI-treated AQP1 Ϫ/Ϫ mice compared with AQP1 ϩ/ϩ mice (Fig. 1B, right) . Renin mRNA levels in the kidney cortex were elevated significantly and similarly in AQP1 Ϫ/Ϫ and AQP1 ϩ/ϩ mice in response to LS-ACEI compared with the baseline situation (Fig. 1C) .
Effect of Global AQP1 Deletion on MAP
At baseline, intravascular MAP was 108 Ϯ 3.3 and 103 Ϯ 3.5 mmHg in freely moving AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice with indwelling catheters. No significant differences in MAP were seen between genotypes before and after the introduction of the LS diet ( Fig. 2A) . Coadministration of LS-ACEI resulted in a significant decline in MAP in both genotypes ( Fig. 2A) , which was initially significantly larger in AQP1 Ϫ/Ϫ mice, after which pressure converged and was not different between genotypes ( Fig. 2A) . Heart rate was numerically lower at all measuring points in AQP1 Ϫ/Ϫ mice and significantly lower at 6 day/night average values (Fig. 2B) . In response to withdrawal of a 200 l blood sample, PRC significantly increased in AQP1 Ϫ/Ϫ mice after 10 min (⌬PRC; Fig. 2C ). The change in PRC in AQP1 ϩ/ϩ mice was not significantly different from zero or from ⌬PRC in AQP1 Ϫ/Ϫ mice (Fig. 2C) .
Localization of AQP1 in the Renal Vasculature
Triple-immunofluorescense labeling of kidney sections from AQP1 ϩ/ϩ mice for renin (green signal), AQP1 (red signal), and ␣-SMA (blue signal) showed renin-positive clusters of cells scattered across the cortex and associated with the glomerular tuft (Fig. 3, A and B) . Renin-positive cells were adjacent to ␣-SMA-positive smooth muscle cells (Fig. 3B) , and, at higher magnification, renin-positive cells displayed a juxtaglomerular localization that did not overlap clearly with labeling for ␣-SMA (Fig. 3B) . At baseline, there were no differences in the localization of renin-positive cells between genotypes (Fig. 3,  B and D) . AQP1 was associated with proximal convoluted tubules in the renal cortex of wild-type mice, especially the apical brush border (red; Fig. 3, A and B) , and with smalldiameter vessels in the periarterial connective tissue sheath along the adventitia of interlobular and arcuate arteries (Fig.  3B ). There was no obvious colocalization between renin and AQP1 fluorescence signals in arterioles from wild-type mice. AQP1 was not apparent in preglomerular arterial segments or veins (Fig. 3, A and B) . In AQP1 Ϫ/Ϫ mice, labeling for AQP1 yielded no signal (Fig. 3, C and D) . Renin was observed only in the juxtaglomerular position in subsets of glomeruli (Fig.  3D) , and ␣-SMA was associated with the pelvic wall and arteries, veins, and arterioles (Fig. 3, C and D) . Sections from ϩ/ϩ and AQP1 Ϫ/Ϫ mice stimulated by LS diet (0.004% NaCl) for 1 wk combined with enalapril (0.1 mg/ml) in drinking water for the last 3 days before euthanization. Afferent arterioles were scored into three groups in a blinded fashion by two independent researchers according to granular cell distribution. There was a similar quantity of granular cell-negative afferent arterioles in AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice, whereas AQP1 Ϫ/Ϫ mice exhibited fewer afferent arterioles with upstream recruitment and an increased quantity of afferent arterioles with typical juxtaglomerular localization of granulated cells compared with AQP1 ϩ/ϩ mice. Bars show means Ϯ SE. *P Ͻ 0.001. n ϭ 7 mice for both genotypes. human nephrectomy specimens showed essentially similar AQP1 immunohistochemical signals associated with proximal tubules and vasa recta (not shown), and while capillaries and glomeruli displayed no labeling for AQP1 (Fig. 3G) , the immunohistochemical signal was associated with smooth muscle (Fig. 3E ) and with the endothelium (Fig. 3F ) in arteries and arterioles.
Acute Renin Secretion Responses From Isolated Perfused Kidneys
In isolated perfused kidneys from AQP1 Ϫ/Ϫ and AQP1 ϩ/ϩ mice, the renin release rate at baseline was stable over time with no differences between genotypes (Fig. 4A) . In response to infusion of the ␤ 1 -adrenoceptor agonist isoproterenol, there was a rapid and significant increase in the renin release rate in both genotypes (Fig. 4A ). Because the baseline secretion level differed somewhat between individual kidneys, the increase (change) in renin was measured and revealed that there were no significant differences between genotypes in acute release potential with a tendency to larger release from AQP1 Ϫ/Ϫ mice (P ϭ 0.8; Fig. 4B , which shows geometric means).
Renin Cell Recruitment in AQP1
Ϫ/Ϫ and AQP1 ϩ/ϩ Mice
In the microdissected whole preglomerular vasculature from acid-macerated mouse kidneys (Fig. 5B) , the percentage of afferent arterioles with granular cell recruitment after LS-ACEI treatment of AQP1 ϩ/ϩ mice was 70 Ϯ 4%, whereas 23 Ϯ 3% of arterioles had granular cells in a juxtaglomerular position and 7 Ϯ 2% were devoid of granularity (Fig. 5A) . In AQP1
mice, the number of afferent arterioles with granular cell recruitment was significantly lower (31 Ϯ 8%) compared with AQP1 ϩ/ϩ mice, whereas there were more afferent arterioles with typical juxtaglomerular localization of granular cells (50 Ϯ 6%; Fig. 5A ). The number of negative arterioles was not significantly different between genotypes. Figure 5B shows examples of dissected vascular trees with all three categories of granular cell localization (left micrographs, arrows). Immunostaining of acid-macerated vascular trees for renin documented that the cells identified as granulated based on different refraction of light in fact contained renin-immunoreactive protein (Fig. 5B, right micrographs) . Renin/␣-SMA double-immunofluorescence labeling of serial sections from LS-ACEI-treated AQP1 Ϫ/Ϫ and AQP1 ϩ/ϩ kidneys showed no major differences in the overall tissue architecture, and renin-positive cells were found both in the juxtaglomerular position and upstream of the afferent arteriole (Fig. 5C ). Renin-positive cells appeared closer to the glomeruli in AQP1 Ϫ/Ϫ vessels (Fig. 5C ), in agreement with observations in acid-macerated AQP1 Ϫ/Ϫ vessels (Fig. 5B, bottom right) . In the three-dimensional reconstruction of double-labeled serial sections from a single kidney, afferent arterioles appeared shorter and renin-positive cells displayed a more "crowded" localization in AQP1
Ϫ/Ϫ kidneys compared with the long slender, renin-positive afferent arterioles in AQP1 ϩ/ϩ kidneys (Fig. 5D ). This observation was not quantified. 
Effect of AQP1 Deletion on the Granular Cell Ultrastructure
In kidney sections investigated by electron microscopy, granular cells were identified and selected for analysis based on close contact to endothelial cells and a vascular lumen at one side and a macula densa cell at the other side (Fig. 6, A and B) . At baseline, granular cells exhibited no obvious differences in the appearance between genotypes: the cytoplasm was packed with electron-dense granules, and there was a large nucleus with an interspersed rough endoplasmic reticulum and few mitochondria (Fig. 6, A and B) . No omega-shaped release sites of fusion were observed. Granular cells in mice challenged by LS-ACEI displayed an electron lucent cytoplasm with fewer granules compared with baseline and a more abundant rough endoplasmic reticulum and a large nucleus (Fig. 6, C and D) .
Effect of AQP1 Deletion on the Systemic NO Index and Tissue Norepinephrine
Kidney tissue norepinephrine concentrations showed no differences between AQP1
Ϫ/Ϫ and AQP1 ϩ/ϩ mice at baseline (Fig. 7A) . After LS-ACEI treatment, tissue norepinephrine concentration was significantly lower in both genotypes compared with baseline (Fig. 7A ). There were no differences between genotypes in cortical tissue norepinephrine concentrations after chronic stimulation by LS-ACEI (Fig. 7A) . As an index for systemic nitric oxide (NO) formation, NO x was measured in plasma from the four groups of mice and showed no significant differences between LS-ACEI and control and no differences between AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice (Fig. 7B) .
Effect of LS-Enalapril on AQP1 Abundance
In the kidney cortex of AQP1 ϩ/ϩ mice, LS-ACEI treatment significantly lowered the abundance of AQP1 mRNA and protein (Fig. 8A) . Specificity of primers was validated by PCR analysis of kidney tissue from AQP1 ϩ/ϩ and AQP1 Ϫ/Ϫ mice (Fig. 8A) . A PCR product of the expected size appeared in samples from AQP1 ϩ/ϩ mice, whereas no bands were visible in samples from AQP1 Ϫ/Ϫ mice (Fig. 8A, left) . By immunolabeling, the AQP1 immunohistochemical signal was associated with apical membranes of proximal tubule cells in the cortex, vasa recta, and periarterial microvessels and with descending limbs of Henle's loop in the medulla (Fig. 8B) . Of note, after LS-ACEI, only labeling associated with cortical microvessels, likely lymphatics, diminished, whereas the AQP1 signal at other sites was present at rather similar intensities (Fig. 8B) .
DISCUSSION
The present study aimed at elucidating whether the water channel AQP1 has a direct role in renin secretion in vivo compared with an indirect effect through its function in water metabolism and, specifically, whether AQP1 is necessary for renin granule formation during chronic stimulation of renin synthesis and release.
The similar baseline renin concentration, both in young and adult mice, and the intact acute renin release potential in isolated perfused kidneys and in vivo after blood withdrawal show that AQP1 has no direct role in stimulus-secretion coupling after cAMP-dependent stimuli and blood volume reduction. The blood pressure measurements document that despite increased diuresis in AQP1 Ϫ/Ϫ mice (32), baseline blood pressure was not different between genotypes, and the differences in PRC and renin cell recruitment in chronically stimulated AQP1 Ϫ/Ϫ mice cannnot be explained by a higher blood pressure since the mice, at least initially, exhibited a lower pressure after the LS diet and ACE inhibition. The only difference that can offer an explanation for the lower PRC between genotypes after chronic stimulation was a delayed recruitment of renin-positive cells in AQP1 Ϫ/Ϫ mice. In states with chronic stimulation, PRC depends on the release from newly recruited cells and the fold-changes in renin release toward acute stimuli are similar between baseline states and states with chronic stimulation (20, 30) . This feature probably allows short-term blood pressure regulation by the reninangiotensin system despite downregulation of ANG II type 1 (AT 1 ) receptors and other adaptations. It also means that PRC depends on the recruitment of renin-positive cells since there is a limited capacity to recruit granules within the single cell to support the massive increase in absolute amount of released renin in response to perturbations. The apparent granule clustering in AQP1 Ϫ/Ϫ mice hampered maintenance of PRC even with increased tissue renin enzyme stores. A similar conclusion was drawn in connexin40-deficient mice, where renin-positive cells display grossly abnormal localization outside the vascular wall, which impairs normal pressure negative feedback on renin release (21, 40 ϩ/ϩ and AQP1 Ϫ/Ϫ mice at baseline and after stimulation by LS diet (0.004% NaCl) for 1 wk with the addition of enalapril (0.1 mg/ml) in drinking water for 3 days before euthanization. Norepinephrine content was significantly lower in kidney tissue from mice with chronic stimulation by LS-ACEI treatment with no differences between genotypes at either condition (A). No significant differences in plasma NOx concentrations were seen between genotype and treatment (B). Bars show means Ϯ SE. #P Ͻ 0.05; *P Ͻ 0.01. At baseline, n ϭ 5 AQP1 ϩ/ϩ mice and 7-8 AQP1
Ϫ/Ϫ mice. For LS-ACEI treatment, n ϭ 6 -9 AQP1 ϩ/ϩ mice and 8 -9 AQP1
Ϫ/Ϫ mice. pairment or delay in renin cell recruitment? Evidence for a direct role of AQP1 within the renin-positive cell is scarce; the present data showed a modest AQP1 signal in the intrarenal artery smooth muscle in human kidneys but in mouse kidneys, only the vasa recta displayed clear signal by immunohistochemistry. In a previous study (11) , PCR showed AQP1 mRNA in arterioles and in single JG/granular cells and impairment in exocytosis after exposure to hypotonicity, whereas cAMP-induced exocytosis was intact, similar to the present observations. So while a direct implication of impaired AQP1 in renin-positive cells cannot be excluded to contribute to less recruitment, an attenuated nervous or paracrine effect on reninpositive cells could also be involved in the AQP1 Ϫ/Ϫ phenotype. The present data suggest that, despite the reported presence of AQP1 in synaptic vesicles (16) and a reported dependence of renin cell recruitment on ␤-adrenergic receptors (26) , sympathetic nerve norepinephrine stores in kidneys were not different between AQP1 genotypes as it was in. e.g., mice with deficient dense-core vesicle proteins. These mice displayed lower renin granule stores, likely because of impaired ␤-adrenergic receptor signaling (18) . Intrarenal levels of norepinephrine were lower in the situation with LS diet and ACE inhibition. This could be caused by exhaustion due to a likely very high efferent sympathetic activity, which acts to maintain the challenged extracellular volume/blood pressure. Administration of LS-ACEI must result in a similar and large decline in total peripheral vascular resistance to explain the blood pressure drop with a maintained cardiac rate. It has been reported that AQP1
Ϫ/Ϫ mice display impair NO signaling (14, 15) . Recruitment of renin-positive cells and plasma renin increase after AT 1 blockers/ACEIs depend significantly on NO (25, 33) . When mice lacking NO-sensitive guanylate cyclase in reninexpressing cells were stimulated with LS diet and ACEI, juxtaglomerular hypertrophy was observed, like in wild-type mice, but there was no recruitment in afferent arterioles (25) . This observation is rather similar to the present findings of a tendency to renin cell clustering with intact or even larger renin stores. Levels of NO x were not altered in plasma, suggesting no major change in systemic NO production in AQP1 Ϫ/Ϫ mice. Impaired local NO formation or diffusion by, e.g., neuronal NO synthase in macula densa cells of AQP1 Ϫ/Ϫ mice, cannot be excluded based on these measurements. Cyclooxygenase-2 is important for renin cell recruitment upon chronic stimulation of renin production through ACEI (6) and for hypotonicityinduced renin exocytosis (11), so impaired cyclooxygenase-2 activity could also be a contributor to the observed phenotype in AQP1 Ϫ/Ϫ mice. AQP1 was present in small periarterial intrarenal vessels, which are lymphatics (Fig. 3B) (17) . Renin attains high concentrations in renal lymph (27) , but whether AQP1 contributes to lymph flow and renin transport remains speculative. Of note, ACE inhibition lowered renal AQP1 abundance. A direct stimulation by ANG II through AT 1 receptors of AQP1 in proximal tubule cells has been observed in the rat (3). In conclusion, AQP-1 has no direct role for acute renin stimulation-secretion coupling in vivo but contributes to renin cell recruitment and baseline PRC in response to chronic stimulation of renin production.
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s).
